The pineal and parapineal organs are dorsal outpocketings of the vertebrate diencephalon that play key roles in orientation and in circadian and annual cycles. Lampreys are four eyed in that both the pineal and parapineal form eyelike photosensory structures, but the pineal is the dominant or sole median photosensory structure in most lower vertebrate clades. The pineal complex has been thought to evolve in a single direction by losing photosensory and augmenting secretory function in the transitions from three-eyed lower vertebrates to two-eyed mammals and archosaurs [1] [2] [3] . Yet the widely accepted elaboration of the parapineal instead of the pineal as the primary median photosensory organ [4] in Lepidosauria (lizards, snakes, and tuataras) hints at a more complex evolutionary history. Here we present evidence that a fourth eye re-evolved from the pineal organ at least once within vertebrates, specifically in an extinct monitor lizard, Saniwa ensidens, in which pineal and parapineal eyes were present simultaneously. The tandem midline location of these structures confirms in a striking fashion the proposed homology of the parietal eye with the parapineal organ and refutes the classical model of pineal bilaterality. It furthermore raises questions about the evolution and functional interpretation of the median photosensory organ in other tetrapod clades.
In Brief
Lizards are unusual in that their third eye is thought to be derived from the parapineal organ, not the pineal organ. Smith et al. show that the primitive vertebrate pineal eye re-evolved as a fourth eye in an extinct monitor lizard. The midline location of both contradicts the classical bilateral model of pineal organization.
RESULTS
In the following, we use the term ''pineal complex'' to refer to the pineal (i.e., epiphysis cerebri) and parapineal organs. The epithalamus refers to the dorsal roof of the diencephalon, including pineal, parapineal, and habenula. The term ''pineal foramen'' is commonly used (e.g., [5] ) to refer to the median aperture in the skull roof of vertebrates. This term implies that the organ housed in the foramen is the pineal. However, in lepidosaurs, the foramen is occupied by a structure-the parietal eye-widely thought to be homologous with the parapineal, not the pineal [4, [6] [7] [8] . The pineal of lepidosaurs is completely enclosed in the skull, and its photosensory function is considered rudimentary. In these respects, lepidosaurs are derived relative to the ancestral vertebrate condition ( Figure 1 ). We therefore use the term ''parietal foramen'' [9] to refer to the primary median aperture in the skull roof of lepidosaurs.
The extinct monitor lizard Saniwa ensidens, a fossil sister lineage of Varanus [10] [11] [12] , is unique among known vertebrates in possessing both a parietal foramen and a large median accessory foramen posterior to it ( Figure 2 ). The occurrence and size of the accessory foramen previously led to conflicting interpretations, including its identification as the parietal foramen [13, 14] . Several specimens that include partial parietals are referrable to this taxon, most notably Yale Peabody Museum of Natural History (YPM) Division of Vertebrate Paleontology (VP) 613 and 1074 [13] . Both were collected in the same year by the same expedition from the same horizon of the Bridger Formation in the Bridger Basin, Wyoming, and are approximately 49 million years (Ma) in age ( Figure S1 ). That the accessory foramen occurs in two individuals from the same horizon argues that the foramen is a population-level character. An accessory foramen is absent in Carnegie Museum of Natural History (CM) 47930, a ca. 52 Ma specimen of Saniwa sp. from the Wind River Basin, Wyoming, but it cannot be determined whether it is present in late Eocene S. edura [15] . Present evidence thus suggests that the accessory foramen evolved by the middle Eocene, between about 52 and 49 Ma, and disappeared at the latest by the Eocene-Oligocene boundary, when Saniwa went extinct in North America [13, 15] .
YPM VP 613 and 1074 include the middle portion of the parietal bone ( Figure 2A ). The parietal foramen is only partially preserved in both specimens, but its identity is clear based on similarity of position, size, and morphology to the same foramen in other specimens of Saniwa. The smallest width of the accessory foramen is 0.17-0.18 mm, about 12% the width of the parietal foramen ( Figures S2 and S3 ). The accessory foramen completely penetrates the parietal in both specimens ( Figure 2B-F) , extending dorsally and slightly posteriorly; in YPM VP 1074, it turns slightly to the left in its dorsal extent. The foramen does not branch inside the bone ( Figures 2G and 2H) . In both specimens, it opens into a cup-shaped concavity above that is set in a triangular prominence. The margins of the prominence, like that around the parietal foramen, mark the edges of an epidermal scale. In YPM VP 1074, a tiny sulcus extends posterolaterally to the left from its interior opening ( Figure 2D ).
DISCUSSION

Interpretation of the Accessory Foramen
Unique features of extinct organisms pose special inferential problems [16] . We identified three anatomical structures that might explain the accessory foramen: (1) pineal-associated cartilage, (2) an emissary vein, and (3) the pineal organ. An impression or fossa on the internal surface of the parietal bone posterior to the parietal foramen, in the position of the pineal, is found in a variety of lizard species. The fossa is associated in thin section not with the pineal itself, but rather with a piece of cartilage that overlies the pineal ( Figure S4 ). The cartilage lies immediately beneath the parietal bone outside the meninges. Our survey of 179 extant species suggests that a fossa is always associated with cartilage, but the presence of cartilage does not always lead to a fossa (Table S1 ). The ontogenetic origin of this cartilage is unknown. In vertebrates, the meninges completely surround the developing neural tube and are thought to induce the bone and cartilage of the braincase [17] . The occurrence of the accessory foramen implies an early-differentiating neurovascular structure that passed through the meninx primitiva prior to the condensation of the dura mater, as with the frontal organ in frogs [18] . Thus, pineal-associated cartilage cannot be responsible for a foramen that pierces the dermatocranium.
The accessory foramen could represent an emissary vein that fed into the longitudinal sinus that passes backward between the cerebral hemispheres and optic lobes in this region [19] . However, it is unlikely that such a vein would evolve to drain the poorly vascularized connective tissue and skin above the parietal table (Figure 3) . Moreover, whereas the ventral sulcus in YPM VP 1074 implies a tissue strand on the interior surface, there is no corresponding sulcus or sulci on the exterior in either specimen. Nor is there any reason to expect a cup-shaped dorsal concavity or close correspondence with an epidermal scale.
The pineal organ is the most plausible explanation. The pineal organ is unaffected by the foregoing objections and additionally corroborated by its asymmetrical course ( Figures 2D and S2) . In lepidosaurs and other vertebrates, the structures associated with the parapineal and pineal do not follow a midline course, but rather are deflected slightly to the right or left [20, 21] . In Varanus, the distal end of the pineal is displaced slightly to the left (Figure 3 ), like the course of the accessory foramen in YPM VP 1074. Finally, the orientation of the sulcus is consistent with a structure passing from the flexure of the pineal. Thus, we conclude that the accessory foramen is associated with the pineal organ. The narrowness of the foramen and the cup-shaped dorsal concavity suggest that the pineal organ in S. ensidens included an extracranial structure connected to the diencephalon by a narrow stalk, the pineal tract. An endocast of the inferred stalk and the cup-shaped structure is similar in form to the median neurovascular bundles and lens-bearing eyes of other vertebrates.
In order most easily to redevelop into a lens-bearing eye in Saniwa ensidens, the ancestral pineal organ must have had some latent photoreceptive capability or a structural predisposition to photoreceptivity. The retina of the parietal eye in lizards is composed of three main cell types [6] : sensory cells lining the lumen (parapinealocytes), ganglion cells (neurons) that synapse with the parapinealocytes and send axons down the parietal tract, and glial-lineage support cells. Each serves a different role. Dendy [22] and others observed that ''the fundamental structure and arrangement of these elements in the [parietal eye and pineal] are identical.'' We compiled extensive anatomical observations 
. Pineal Complex in Extant Vertebrates
The relative development of parapineal (pp) and pineal (pi) organs in major vertebrate clades, according to the homologies promulgated here. In coelacanths, the organs are distinct but communicate and share a common connection with the rest of the brain; in turtles, the organs are only distinct in early ontogeny [4] . In stem (and occasionally crown) representatives of many basal gnathostome clades, there is a median foramen that is usually inferred to have housed the pineal organ. A median foramen is lost numerous times in vertebrate evolution. Although only lepidosaurs, among extant vertebrates, have a foramen for the parapineal organ (parietal eye), it is unknown at which point this transition occurred in amniotes. See key at lower right. Relationships of turtles are after [3] ; silhouettes are from http://phylopic.org. on extant lepidosaurs from the literature (Data S1), supplemented them with our own observations on Varanus exanthematicus, and used phylogenetic bracketing [16] to test the proposition that the pineal organ in the last common ancestor of Varanus and Saniwa was photosensitive ( Figure 4 ).
Support cells have been documented in the pineal in Sphenodon, scincoids, lacertids, iguanids, and anguids. Sensorytype cells with well-developed outer segments have been reported in the pineal in Sphenodon, lacertids, iguanids, and anguids, as well as a gekkotan. Electron microscopy has furthermore demonstrated that the outer segment of some pinealocytes in a cordylid, various lacertids, and the anguid Anguis fragilis is composed of large numbers of stacked discs (lamellae), which maximize the surface area for photon absorption. Lamellae were reported to be poorly developed in pinealocytes in Iguana [23] , but electrophysiology has shown that the pineal in Iguana and two lacertids is photosensitive [24] .
Rapid response to photic stimulation of the pinealocytes requires neural-mode signaling and therefore a direct connection via postsynaptic ganglion cells with the rest of the brain [1, 25] . Ganglion cells in the pineal wall have been identified in Sphenodon and various lacertids but reported absent in a scincid and an anguid. The heterogeneous distribution and low number of ganglion cells may be responsible for the dearth of direct observations of these [26] . However, a layer of nerve fibers in the pineal wall, which in Lacerta arise from ganglion cells [26] , has been described in another scincid, additional lacertids, Iguana and Anguis. Furthermore, a pineal tract, running along the posterior margin of the pineal and containing axons projecting to the rest of the brain, has been reported in Sphenodon, a scincid, lacertids, Iguana, and Anguis.
Therefore, the phylogenetic bracket suggests that the common ancestor of Saniwa and its extant sister group, Varanus, possessed a pineal organ with the following characteristics: pineal wall composed of support cells, pinealocytes, and ganglion cells; at least some pinealocytes of the sensory type, with lamellar outer segments; and axons of ganglion cells united as a pineal tract along the posterior margin of the organ and extending ventrally into the posterior commissure ( Figure 4A ). In other words, all the major cellular components that support neuralmode signaling and photosensitivity in the pineal were present.
The anatomy of the extracranial portion cannot be reconstructed on the basis of the preserved bones or a phylogenetic bracket. However, in extant vertebrates with a median foramen for the pineal or parapineal organ, the exterior portion shows some cellular differentiation into lens-like and retina-like layers with a lumen in between [27] . It is likely that this was also the case in S. ensidens. The triangular epidermal scale that covered the extracranial pineal organ was presumably devoid of epidermal pigmentation above the opening [7] . In sum, S. ensidens had a fourth eye, a term previously used only for lampreys.
A potential forerunner of the proposed fourth eye in S. ensidens is a terminal vesicle of the pineal seen below the parietal foramen in numerous extant squamates. A terminal vesicle has been documented in Sphenodon, gekkotans, scincoids, lac- Left-of-midline sagittal slice, stained using Crossmon's trichrome, showing the left wall of the parietal eye above a plug of connective tissue filling the parietal foramen. Scale bar, 1 mm. Abbreviations: ha., habenula; pa., parietal bone; pa.eye, parietal eye; par., paraphysis; p.c., posterior commissure; pi., pineal organ; pi.a., anterior pineal artery; s.l., longitudinal sinus; t.v., terminal vesicle of pineal.
ertids, a teiid, Iguana, anguids, and, by us, in Varanus (Figure 3 ), so we infer that a terminal vesicle was present in the last common ancestor of Varanus and Saniwa ( Figure 4B ). Especially in anguids, the vesicle is frequently eye-like, with distinct lens-like and retina-like layers [7] .
Possible Functional Significance
The only obvious reason for producing the pineal organ extracranially is to amplify photosensitivity, particularly to short-wavelength light, which is rapidly attenuated on entering the head [28] . Two proposed mechanisms for geographic orientation both depend on blue light and are localized in the pineal complex in lower vertebrates: (1) celestial orientation and (2) light-dependent magnetoreception. Celestial orientation relies on a time-compensated light compass with three components: an organ that can perceive the polarization of light, an internal clock, and a mental map of the region to be navigated. Celestial orientation is reported in lizards and is localized in the pineal complex [29] [30] [31] . Light-dependent magnetoreception, on the other hand, relies on a blue-sensitive [32] cryptochrome molecule [33] , and in urodele amphibians the ability is localized in the pineal [34] . It has not yet been investigated in squamates.
Broader Implications
Whatever its function, the atavistic, lamprey-like four-eyed condition of 49-million-year-old Saniwa ensidens opens a window on the evolution of visual systems in vertebrates. First, it highlights the potential resident in the developmental programs of extant vertebrates to re-evolve long-lost structures in the brain. Median eye formation has not been investigated at a molecular patterning level, but given the apparent serial homology of tissues, cell types, and proteins between the lateral eye pair and the pineal complex, the development of median eyes more than likely involves many of the same gene regulatory networks as that of the lateral eyes, whose general integrity is of course under strong stabilizing selection. Re-evolution of complex structures after long absences is more likely when the gene regulatory networks controlling their development are deployed elsewhere in the body. A counterexample would, for instance, be complete teeth in birds, in which the entirely dormant enamel-producing gene regulatory network was pseudogenized [35, 36] after loss of teeth to such an extent that some of its components are no longer detectable in the genome, even as fragments.
Second, the anterior-posterior arrangement of the organs of the pineal complex in S. ensidens confirms in a striking fashion the homology of the parietal eye in lizards with the parapineal organ in other vertebrates [8, 37] and helps to resolve the Bauplan of the pineal complex. In the classical or bilateral model of pineal organization [20] [21] [22] 27] , the pineal and parapineal represent the right and left moieties, respectively, of an ancestral, bilaterally paired structure. Over the course of evolution, according to this model, these structures came to occupy a roughly midline position (in particular where the bones of the skull roof are paired rather than azygous [20] ), the parapineal anteriorly and the pineal posteriorly, but their evolutionary origin is revealed by persistent asymmetries of position and neural connection. In the alternative model [21] , each organ develops from a pair of anlagen that merge where the edges of the neural fold meet; thus, the organs are midline in location in ontogeny and phylogeny.
In no known extant vertebrate are the two organs developed to an equal extent, limiting the testability of the models. Only in certain extinct arthrodires have two foramina for the pineal complex been described before. In these taxa the foramina are arranged side by side [20, 27] and were long interpreted to represent the pineal and parapineal and so as evidence for the classical model [20] . No arthrodire is ancestral to an extant vertebrate clade [38] , however, and we submit that a distal bifurcation of the pineal organ, as known in a number of extant taxa [39] , is a more probable explanation of this frequently cited phenomenon. S. ensidens appears to be unique in showing both pineal and parapineal organs in a full state of development, and their tandem midline arrangement is inconsistent with the bilateral model.
A median foramen in the skull roof was lost numerous times in the evolution of amniotes, and in all extant representatives, the pineal is predominantly secretory, if it is present at all [1, 40] . Our work highlights uncertainty about the interpretation of extinct amniotes in which only one median foramen is present, and thus the point at which the parapineal assumed the predominant photosensory role, as in lepidosaurs. Interpretations of the evolution of the pineal complex in mammals [2] , turtles, and archosaurs [3] depend on the organ assumed to occupy the foramen in stem representatives. For instance, dusk-dawn detection in lizards [41] is mediated by two opsins co-localized in the outer segments of parapinealocytes in the parietal eye, parietopsin and either pinopsin or parapinopsin [42, 43] . In contrast, bluesensitive pinopsin is more frequently expressed in the pineal of examined lizards, not the parietal eye [43, 44] . Still other physiological functions of the pineal and parapineal organs may depend on their central neural connections. The parapineal has primary projections through the habenula, and the pineal through the posterior commissure [21, 26, 45, 46] . Because the parietal eye of lepidosaurs appears to be homologous with the parapineal, not the pineal, it cannot be used without qualification as a model for the function of the median photosensory organ in extinct taxa outside of Lepidosauria until the evolution of the pineal complex in amniotes is better understood.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: The tree is based on the molecular topology of squamate relationships [12] , but the results are the same for the morphological topology [10] . See also Data S1.
SUPPLEMENTAL INFORMATION STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Krister Smith (krister.smith@senckenberg.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Both fossil specimens treated in this paper were collected in 1871 at Grizzly Buttes as part of the Yale College Expedition to the Bridger Basin, Wyoming. Grizzly Buttes is a meandering escarpment of the Eocene Bridger Formation. Deposition was predominantly fluvial/alluvial [47] . YPM VP 613 (Accession Nr. 249) was collected by G. G. Lobdell and J. F. Quigley, on Sept. 2, 1871; the specimen consists of two boxes of bones, light gray (rarely) to olive-brown (mostly) to black in color, comprising principally axial and appendicular postcranial skeletal elements, apparently of a single, subadult individual. YPM VP 1074 (Accession Nr. 249) was collected by G. M. Keasbey on Sept. 6, 1871; the parietal is not associated with any other material and appears to have been an isolated find. The latter specimen was erroneously listed as YPM 1064 in [13] (p. 185) and as having ''no data.'' YPM VP 613 is clearly varanid, based on the projecting hypapophysis of the cervical vertebra for attachment of the intercentrum and strong precondylar constriction. It was originally mentioned (though by collector, not by specimen number) in the description of Thinosaurus leptodus [48] , which has subsequently been synonymized with Saniwa ensidens [13, 14] . The parietal of this specimen is similar to that of YPM VP 1074 and also FMNH PR 2378, a complete referred skeleton of S. ensidens, in having upturned lateral margins of the parietal table, an autapomorphy. Both show dorsal origin of the adductor musculature.
The rough location of each find ( Figure S1 ) can be gleaned from the expedition field notes, member diaries, and other historical sources. On Aug. 26 the party set out southeast from Fort Bridger, setting up camp (Camp ''1'') on the same day on Smith's Fork (Mountain View USGS 7.5 0 Quadrangle), 2.5 miles ''below'' (i.e., downstream of) Jack Robinson's place (Harger and Lobdell diaries), which is located at the prominence just south of modern-day Mountain View (Louise Davis, Historical Association, personal communication, 2013). They stayed there until Sep. 6. During this time, Harger's party collected east and southeast of camp, sometimes with Marsh, often mentioning ''the road'' (Henry's Fork Road, today known as Highway 414 [47] ). In an unusual comment about other expedition members, Harger records that his party collected at the ''bluffs'' east of camp on Sep. 2, and ''Lobdell's party'' accompanied them, collecting toward the north. Lobdell records that he and ''Jack'' (Quigley) collected north of the Henry's Fork road, and that they ''got 2 good lizards.'' These are YPM VP 612 and 613, holotype and referred specimen of Thinosaurus leptodus. Marsh [48] also gives them as coming from Grizzly Buttes.
The Harger and Lobdell diaries record that, on the morning of Sep. 6, the field party moved camp (Camp ''2''). Harger specifies it was to the junction of Sage and Cottonwood Creeks (Reed Reservoir USGS 7.5 0 Quadrangle). Lobdell states that this was ''about 5 miles'' from their previous camp. In the afternoon, Harger, together with Marsh and party members Page and Mead, ''worked [the] bluffs [of] Grizzly Buttes.'' They were located within one mile to the west and northwest of the new camp. Marsh's field notes give only ''Grizzly Buttes'' for Sep. 6 . Lobdell recorded that he and Keasbey started at ''the [fossil] hunting place of yesterday'' before pushing further, where they ''found a lizard.'' On Sept. 5, they had followed Peck to a ''region very rich in good fossils,'' which he had presumably discovered the day before. Marsh's field notes state that, on Sep. 4, Peck was at ''Henry's Fork (?)'' (here, the road was clearly intended, not the actual river, which is many miles distant). These sources are consistent with Keasbey collecting at Grizzly Buttes on Sep. 6. Marsh's notes explicitly state that he collected there on Sep. 7.
There is therefore considerable evidence that both YPM VP 613 and 1074 were collected in close geographic and stratigraphic proximity at Grizzly Buttes, the strata of which have been referred to the uppermost part of biochronologic unit Br1 to Br2 [47] . The most recent stratigraphy gives a fairly restricted age range for Br2, from about 49 to 48.5 Ma (chron 22n) [49] . See also Figure S1 . REAGENT METHOD DETAILS
CT-Scanning
The specimens were CT-scanned with a GE Phoenix nanotom at 100 kV and 120 mA, without filters, at scan mode 1 effecting a 2.0 mm focus spot size, 2400 projections (1250 ms, 3x averaged, 1x skip, no pixel binning) and 4 point-supported calibration curves for the 2k-detector. During the 360 rotation of samples the detector shift mode was used to avoid ring artifacts. Signal stability was manually controlled, and scans were repeated unless signal stability was within 10% of 3700 (12-bit gray values). Reconstruction was performed in 32-bit mode using 3x3-median filter followed by remapping to 16 bit for further processing. Voxel size was 6.6 mm and 8.5 mm, respectively, in the resulting reconstructions. Both reconstructions were re-registered in VG Studio MAX so that the geometrical axes coincided with the anatomical axes. Bone surface determination in VG Studio MAX was conducted using the advanced mode.
Phylogenetics
Morphological and molecular hypotheses of lepidosaur evolution diverge greatly. We used a phylogenetic bracket [16] to infer relevant aspects of pineal anatomy in the most recent common ancestor of Saniwa and its extant sister-taxon Varanus using trees based on the phylogenetic hypotheses of Gauthier et al. [10] (for morphology) and Reeder et al. [12] (for morphology+molecules). The molecular tree contained nearly all the species whose pineal anatomy has been published, and for non-included species we assumed that generic attribution is correct. The morphological tree did not include most of the species whose pineal anatomy has been published. However, the chief differences between the molecular and morphological hypotheses lie in the relative placement of major clades (Gekkota, Scincoidea, Lacertiformes, Iguania, Anguimorpha); intraclade relationships were therefore retained from the molecular tree, but interclade relationships adjusted to fit the morphological tree.
Pineal anatomy
Sectioning and staining of Varanus exanthematicus was conducted by Morphisto GmbH (Frankfurt), and of Sceloporus occidentalis by R. Eakin and R. C. Stebbins (UC Berkeley). Data on the occurrence of a pineal fossa in extant squamates were gathered from dry skeletons. Data on the occurrence of pineal-associated cartilage in extant squamates from [50] . See also Figure S4 and Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Measurements of the parietal and pineal foramina in the fossils were taken using the metrology tools in VG Studio MAX.
Branch length data are available for both morphological and molecular trees [10, 12] . However, due to the presence and sporadic distribution of missing data in the matrix, character evolution was reconstructed using maximum parsimony.
DATA AND SOFTWARE AVAILABILITY
The CT reconstructions and segmentations are available as VG Studio Archive files (image stack plus VGL file) at MorphoBank: https://morphobank.org/permalink/?P2791.
